Ram R, Wescott AP, Varandas K, Dirksen RT, Blaxall BC. Mena associates with Rac1 and modulates connexin 43 remodeling in cardiomyocytes. Am J Physiol Heart Circ Physiol 306: H154 -H159, 2014. First published November 1, 2013; doi:10.1152/ajpheart.00749.2013.-Mena, a member of the Ena/VASP family of actin regulatory proteins, modulates microfilaments and interacts with cytoskeletal proteins associated with heart failure. Mena is localized at the intercalated disc (ICD) of adult cardiac myocytes, colocalizing with numerous cytoskeletal proteins. Mena's role in the maintainence of mechanical myocardial stability at the cardiomyocyte ICD remains unknown. We hypothesized that Mena may modulate signals from the sarcolemma to the actin cytoskeleton at the ICD to regulate the expression and localization of connexin 43 (Cx43). The small GTPase Rac1 plays a pivotal role in the regulation of actin cytoskeletal reorganization and mediating morphological and transcriptional changes in cardiomyocytes. We found that Mena is associated with active Rac1 in cardiomyocytes and that RNAi knockdown of Mena increased Rac1 activity significantly. Furthermore, Mena knockdown increased Cx43 expression and altered Cx43 localization and trafficking at the ICD, concomitant with faster intercellular communication, as assessed by dye transfer between cardiomyocyte pairs. In mice overexpressing constitutively active Rac1, left ventricular Mena expression was increased significantly, concomitant with lateral redistribution of Cx43. These results suggest that Mena is a critical regulator of the ICD and is required for normal localization of Cx43 in part via regulation of Rac1.
HEART FAILURE (HF) is a devastating disease with a poor clinical prognosis. Gene expression analyses have revealed associations between expression patterns and HF pathogenesis (4) . Previously, we reported altered expression of the mammalian homologue of Drosophila enabled, Mena, among the topranked genes that could blindly predict HF (5) . Mena gene and protein expression is upregulated in both human and animal HF models (3) . Normal cardiac expression of Mena is downregulated from neonate to adult. Therefore, increased Mena in HF corresponds to fetal gene activation, a hallmark of the altered molecular response in HF.
Mena belongs to the Ena/VASP (vasodilator-stimulated phosphoprotein) family of proteins that regulate cell movement and shape by controlling the geometry of the actin filament network. In the adult heart, Mena is associated with focal adhesion sites and is localized to the intercalated disc (ICD) of cardiomyocytes (10) . Cell membranes of two adjacent cardiomyocytes are extensively intertwined in this region, bound together by desmosomes, adherens junction (cadherin, catenins, and vinculin), and gap junction (connexins) proteins (19) . Recent data suggest that Mena may interact with ICD proteins in the heart; the EVH1 domain of Mena binds to vinculin (6) , and Mena colocalizes with cadherin, as well connexin 43 (Cx43), the major ventricular isoform (7) .
Disruption and alterations of the cytoskeleton contribute to cardiac remodeling in HF (12) . Alterations of ICD proteins, which affect both their structural integrity and transmission of intracellular signals, promote dilated cardiomyopathy in mice (9) . Gap junctions facilitate impulse propagation between adjacent myocytes for synchronized cardiac activity. Cx43 remodeling, including changes in protein expression, distribution, and turnover, contributes to nonuniformity in conduction and arrhythmia (16) . We have shown recently that genetic ablation of Mena results in mild cardiac dysfunction and conduction abnormalities, accompanied by ICD destabilization, and Cx43 remodeling (3) . Currently, the role of Mena in maintaining mechanical myocardial stability and cardiac conduction remains poorly understood.
The regulation of cell shape, migration, proliferation, and survival requires a balance between cell adhesion and cell motility signals. The Rho family of small GTPase proteins (Rho, Rac, and Cdc42) plays a pivotal role in coordinating these processes (8) . Rac1 is active when GTP bound, and increased Rac1 activation is implicated in hypertrophic remodeling and cardiomyopathy (21) . Given our prior Mena studies, we sought to investigate a direct role for Mena-dependent regulation of the ICD, specifically in the cardiomyocyte. We hypothesized that Mena modulates signals from cardiac sarcolemma to the actin cytoskeleton at the ICD that control Cx43 expression and localization via the small GTPase Rac1. We report that Mena associates with active Rac1 in cardiomyocytes and that Mena knockdown increases Rac1 activity. Reduced Mena expression altered localization of Cx43, increased Cx43 protein expression, and enhanced intercellular coupling between adjacent cardiomyocytes. These results suggest Mena as a critical regulator of the ICD at the intersection of Cx43 and Rac1.
MATERIALS AND METHODS
Neonatal rat ventricular cardiomyocyte isolation. Care and experimentation with rats was performed under the auspices of the animal protocol that was approved by the Cincinnati Children's Research Foundation's Institutional Animal Care and Use Committee. Primary cultures from 1-to 2-day-old Sprague-Dawley rats were performed and maintained as described previously (18) . Ventricles were minced and dissociated via enzymatic digestion, and nonmyocytes were removed by preplating. Myocytes were cultured on collagen IVcoated plates in M199 supplemented with 5% serum and antibiotics. After overnight incubation, cells were rinsed and replaced with fresh media and additives as indicated for specific experiments.
Animal studies. Explanted hearts from wild-type and transgenic mice with constitutively active Rac1 under the control of the ␣-myosin heavy chain promoter Rac1 ET (21) were kindly provided by Dr. Mark Sussman (University of California, San Diego, CA). The hearts of six controls and four transgenics were used to evaluate protein expression by Western analysis and confocal immunofluorescence.
Mena gene silencing with siRNA transfection. Cardiomyocyte transfection with predesigned siRNA targeting rat Mena mRNA (Dharmacon-Smart pool) or scrambled (SCR) siRNA to a final concentration of 50 nM was performed using Lipofectamine RNAimax (Invitrogen). Cardiomyocytes were transfected in antibiotic-free medium containing Opti-MEM (Invitrogen) for 5 h. The cells were harvested after 72 h of transfection for experimentation.
Rac1 GTPase pulldown assay. Fresh lysates containing protease inhibitors were cleared by centrifugation. Active Rac1 was precipitated with the p21-binding domain of human p21-activated kinase 1 (Pak1) fused to glutathione-S-transferase (GST)-Pak1 (Thermo Fisher). Pulldown fraction was separated by SDS-PAGE and immunoblotted with Rac1 antibody, followed by horseradish peroxidase and enhanced chemiluminescence detection.
Cell death assays. Apoptotic cells were detected using the Alexa 488-labeled dUTP nick end labeling (TUNEL; Invitrogen). TUNELpositive nuclei and propidium iodide counterstain were visualized using a Nikon confocal microscope. In parallel, whole cell lysates were subjected to SDS-PAGE and immunoblotting for antiapototic Bcl2 and proapototic Bax proteins.
Immunoblotting. Cells were lysed in mammalian protein extraction reagent buffer (Pierce) containing protease and phosphatase inhibitors. Equal amounts of protein were subjected to SDS-PAGE and immunoblotting. Signal intensity was quantified using National Institutes of Health Image J software. The arbitrary pixel densities of each protein were normalized to GAPDH. Mouse Mena monoclonal antibody was developed in the laboratory of Dr. Frank Gertler (Massachusetts Institute of Technology, Cambridge, MA). Cx43 antibody was purchased from Sigma, and anti-Bcl2 and Bax were purchased from Santa Cruz Biotechnology.
Immunofluorescence. Cardiomyocytes were fixed in 4% paraformaldehyde, permeabilized, and stained with Cx43 and Alexa Fluor secondary antibody. ␣-Actinin or phalloidin detection for F-actin and 4,6-diamidino-2-phenylindole (DAPI) for nuclei were used in parallel. Cells were visualized with an Olympus/Nikon confocal microscope.
Fluorescence recovery after photobleaching. Cell-to-cell communication via functional gap junction channels was assessed by gapfluorescence recovery after photobleaching (FRAP) assay. Experiments were performed in a humidified chamber maintained at 37°C and 5% CO2. Live cardiomyocytes were loaded with 10 m of 5,6 carboxyfluorescein diacetate (CFDA; Invitrogen) for 10 min. FRAP was recorded using an epifluorescence microscope (Olympus IX81) equipped with an Argon laser and charge-coupled device camera. After prebleach image acquisition, a single cell was bleached with maximal laser intensity. Dye recovery was acquired using a sample interval of 15 s for 20 time points. Fluorescence recovery was measured in the bleached cell using Slidebook and analyzed using Clampfit version 10.0. Postbleach intensity measurements of all samples were corrected using the equation Fn ϭ (Ft Ϫ F0)/(F300 Ϫ F0), where Fn is the normalized fluorescence intensity, Ft is fluorescence intensity between 0 and 300 s, F0 is the fluorescence measured from the first postbleach image, and F300 is the fluorescent signal obtained at 300 s postbleach. The time constant of half-maximal recovery, tau, was estimated by fitting the normalized data to a single exponential fit equation.
Statistics. Numerical data are presented as means Ϯ SE. Analysis was performed using GraphPad Prism 4.0 (GraphPad, La Jolla, CA).
Differences between treatment groups were analyzed by Student's t-test. P Յ 0.05 was considered statistically significant.
RESULTS
In this study, we explored a direct role for Mena in a cardiomyocyte-specific manner and determined mechanisms of Mena-mediated effects on the ICD. Cardiomyocytes were transfected with either Mena or SCR siRNA for 72 h. Knockdown of Mena by 63% tripled total Cx43 expression compared with control in cardiomyocytes (Fig. 1, A-C) . The spatial localization of Cx43 in cardiomyocytes that were visualized using confocal microscopy ( Fig. 1D) revealed that Cx43 is present primarily at cell-to-cell borders between adjacent cardiomyocytes in SCR cells. In contrast, Cx43 staining intensity is increased following Mena knockdown and, although present at cell-to-cell borders, is mislocalized along with aggregation within the cytoplasm of the cardiomyocyte. These results are in accordance with our prior findings in global Mena Ϫ/Ϫ mice (3) that display altered conduction, suggesting a direct role for Mena in cardiomyocytes and its contribution to disruption of Cx43 function and localization. As a consequence of increased Cx43 aggregation at cell borders observed by confocal microscopy, we predicted alterations in gap junction intercellular communication. Dye transfer assays of adjacent cardiomyocytes in the presence of the gap junction permeant fluorescent tracer 5,6-CFDA demonstrated faster fluorescence recovery of the bleached cell in Mena knockdown cardiomyocytes compared with SCR ( Fig. 1, E and F) . Mena siRNA cardiomyocytes significantly reduced the time constant of recovery tau twofold, indicating faster dye transfer between cardiomyocyte pairs.
The Rho family of small GTPases is a major regulator of cellular junctions and the actin cytoskeleton. In particular, Rac1 has been proposed to signal through Ena/VASP (15) . To delineate a role for Rac1 in the process of Mena-mediated regulation of the myocardial gap junction protein Cx43, the association of Rac1-GTP with Mena in cardiomyocytes was investigated using an in vitro GST pulldown assay. Mena is immunodetected in the pulldown lysate, suggesting that Mena interacts with active Rac1 in cardiomyocytes, although this interaction may be indirect, possibly occurring through Rac1 binding protein (Fig. 2A) . To further explore the Mena-Rac1 interaction, we determined whether loss of Mena contributed directly to changes in Rac1 activity in cardiomyocytes. Knockdown of Mena significantly increases active Rac1-GTP twofold in cardiomyocytes compared with control (Fig. 2, B-D) . These data suggest that Mena may modulate Rac1 activity in addition to alterations in Cx43 expression and localization in cardiomyocytes.
To further characterize the interaction of Rac1, Mena, and Cx43, we studied transgenic mouse hearts with cardiomyocytespecific overexpression of constitutively active Rac1 (Rac1 ET ) (21) . The Rac1 ET hearts have a 30-fold upregulation of Rac1 activity compared with nontransgenic (NTg) wild-type hearts (1) . The expression of total Rac1 was evaluated, revealing a significant increase in Rac1 ET ventricular lysates compared with NTg (Fig. 3, A and B) . Mena protein expression is also significantly upregulated in Rac1 ET ventricular lysates compared with NTg (Fig. 3C) . Because Rac1 transgenic mice display a cardiomyopathy phenotype, increases in Mena expression in this model are consistent with our previous findings of Mena upregulation in human and several animal models of HF (3). We next examined the effect of active Rac1 overexpression on Cx43 localization (Fig. 3D) . NTg left ventricular (LV) sections show that Cx43 immunolabeling is localized to the ICD region perpendicular to the longitudinal axis of the myocytes. In contrast, the distribution of Cx43 is affected at the longitudinal cell termini in LV sections from Rac1 ET mice. Cx43 is remodeled to the lateral borders (Cx43 lateralization) parallel to the long axis of adjacent cardiomyocytes.
To determine whether increased Rac1 activation contributes directly to apoptosis in Mena-deficient cardiomyocytes, we evaluated the expression of apoptotic proteins Bax and Bcl2 using Western analysis. Bcl2 is significantly decreased in Mena siRNA knockdown cardiomyocytes. In contrast, the expression of Bax, a proapoptotic molecule, is significantly elevated. The fraction of Bcl2 signal relative to Bax expression shows a significant decrease following Mena knockdown in cardiomyocytes (Fig. 4, A-C) . In association with the upregulation of apoptotic activity, we evaluated the presence of cells positive for nicked DNA using a TUNEL assay in cardiomyocytes transfected with SCR or Mena siRNA. As shown in Fig.   4D , cardiomyocytes transfected with Mena siRNA show an increase in TUNEL-positive cells that is indicative of increased cell death compared with SCR transfected cells.
DISCUSSION
The present study addresses the cardiomyocyte-specific role of Mena and whether Mena is essential for maintenance of ICD stability and modulation of the gap junction protein Cx43 for normal cardiac function. Our key findings are that 1) knockdown of Mena in neonatal rat ventricular cardiomyocytes significantly increases Cx43 expression and alters normal cellular distribution of Cx43; 2) Mena associates with active Rac1-GTP in vitro, and loss of Mena increases Rac1 activity in cardiomyocytes; 3) Cx43 is redistributed to the lateral borders of the myocytes in mice expressing cardiomyocyte-restricted, constitutively active Rac1 ET ; and 4) knockdown of Mena triggers cardiomyocyte apoptosis.
Previously, we reported that global Mena knockout mice have mild cardiac dysfunction and arrhythmia associated with remodeling of Cx43 expression and localization (3). Consistent with this observation, in this study we report increased expression and altered localization of Cx43 expression following Mena knockdown concomitant with faster dye transfer between adjacent cardiomyocytes (Fig. 1) . During the initial hypertrophic phase of HF, after acute injury or stretch, cardiac Cx43 expression is acutely modulated in the development of this adaptive response (22) . This early compensatory phase is also accompanied by alterations of cytoskeletal proteins and reexpression of sarcomeric proteins. We also observed increased Mena protein expression in response to acute cyclic mechanical stretch in neonatal cardiomyocytes (data not shown). These data suggest a very tight interplay between mechanical and electrical activities. Mena's localization in the ICD and the response during hypertrophy and HF suggest its critical role in regulating this macromolecular complex and as an initial adaptive response gene.
One of the key findings in our study is that knockdown of Mena results in altered Cx43 localization and intercellular accumulation within the cytoplasm of cardiomyocytes. The half-life of Cx43 is 1-3 h (17); its delivery to the membrane, maintenance at the ICD, and internalization are dynamic pro- Fig. 2 . Mena associates with activated Rac1, and loss of Mena in cardiomyocytes significantly increases Rac1 activity. A: cardiomyocytes were incubated with GST-Pak1-p21 binding domain (PBD) or glutathione-Stransferase (GST) alone. After pulldown, active Rac1 (GTP bound) was detected by immunoblotting. Active Rac1 interacts with PBD domain of Pak1 and is absent in GST alone control lane. Mena is detected simultaneously in the same blot in Rac1-GTP lane. Whole input lysate was probed for total Rac1 (t-Rac1) and Mena. B: representative immunoblot is shown for Rac1-GTP, endogenous t-Rac1, Mena, and GAPDH in whole lysates. Lysates were subjected to GST-Pak1-PBD pulldown and SDS-PAGE gel electrophoresis. C and D: densitometry data is summarized for Mena (C) and Rac1-GTP (D). *P Յ 0.05, **P Յ 0.01 vs. SCR; n ϭ 5, MenasiRNA transfection efficiency was 65%. A: left ventricular (LV) tissue lysates from nontransgenic (NTg) and Rac1ET mice were subjected to gel electrophoresis. Representative immunoblot is shown for Mena, t-Rac1, and GAPDH. B and C: densitometry data is summarized for t-Rac1 and Mena expression; *P Յ 0.05, ***P Յ 0.0001 vs. NTg. No. of animals/group is indicated in the bar chart. D: LV tissue sections from NTg (left) and Rac1ET (right) were immunostained with Cx43 and DAPI. Cx43 is typically localized perpendicular to the longitudinal axis of cardiomyocytes at the intercalated disc (ICD). Arrowheads point to areas of Cx43 lateralization showing localization parallel to the long axis of cardiomyocytes. Myocyte orientation is visualized from background green fluorescence. Confocal projection stack is 8 m at ϫ40 magnification.
cesses. Accordingly, Cx43 hemichannels are packaged into vesicles and targeted to reach the plasma membrane via microtubules to form gap junction plaques at cell-to-cell junctions. The actin microfilament is also implicated in regulation of intracellular vesicular transport. In a recent study (20) , Cx43 was demonstrated to colocalize with nonsarcomeric actin, and inhibition of actin significantly reduced delivery of Cx43 hemichannels to the plasma membrane. In fact, since microtubules are highly dynamic structures, Cx43 vesicles appeared to utilize actin filaments as transition points in the cytoplasm en route to the plasma membrane. Loss of Mena can impact these fundamental processes in maintaining actin organization, thus altering intracellular trafficking and maintenance of Cx43. Given Mena's role in actin polymerization and the importance of actin in Cx43 channel trafficking, we speculate that alterations in the Cx43 localization and aggregation may be due in part to effects on actin dynamics mediated by Mena.
The balance of cell adhesion and motility is important for an orchestrated function of the actin cytoskeleton. Rho, Rac1, and Cdc42 are well-established regulators of cellular junctions and the actin cytoskeleton. Increases in Rac1 activity have been implicated in mediating cardiac hypertrophy and in response to acute mechanical stretch (8) . VASP (11) and Mena (13) are thought to be among several cytoskeletal-remodeling proteins such as Wiskott-Aldrich syndrome protein (WASP), Ras GTPase-activating-like protein 1 (IQGAP1), and Pak1 that are influenced by Rac1. Specifically in cardiomyocytes, the regulation of cytoskeletal dynamics and their contribution to cardiovascular pathology in the context of Rac1 are still areas of open investigation. We demonstrate here that Mena is associated with active Rac1 in cardiomyocytes and that Mena knockdown increases Rac1 activation in cardiomyocytes (Fig. 2) . Although our data demonstrate that Mena associates with Rac1-GTP, we cannot rule out the possibility of an indirect interaction via a Rac1 binding partner. Data from the Rac1-GTP myocardial transgenic mice, which display cardiomyopathy and altered focal adhesions, further suggest a comodulatory role for Mena and Rac1-GTP (21) .
Previously, in Rac1 ET -overexpressing mice, it was shown that increased Rac1 activity was associated with changes in Cx43 expression (2) . We show a redistribution of Cx43 to lateral borders of myocytes in the left ventricle of Rac1 EToverexpressing mice, suggesting that, in addition to modulating gap junction expression, increased Rac1 activity can also impact Cx43 localization. Rac1 has been implicated in modulating Cx43 expression and localization. Based on our findings, we suggest that modulating Mena may affect pathways in Rac1 signaling, thereby modulating Cx43 maintenance and localization at the ICD. Rac1 has also been shown to modulate induction of apoptosis in the heart. Increased Rac1 activation following ␤-adrenergic stimulation in cultured adult cardiomyocytes (14) resulted in apoptotic cell death. In our study, increases in Rac1 activity following Mena knockdown were associated with apoptosis in cardiomyocytes (Fig. 4) and are consistent with our findings in Mena knockout mice (unpublished data). Increased Cx43 expression and intercellular communication were observed with loss of Mena; transfer of apoptotic signals via gap junctions may mitigate cell survival in the setting of Mena knockdown, contributing to HF pathophysiology. In our most recent study of transgenic cardiac Mena-overexpressing mice (4a), we demonstrated that turning off the Mena gene prior to pathological cardiac injury mitigated hypertrophy in the setting of reduced cardiac function. It will be of interest to determine whether maintaining appropriate levels of Mena will mitigate cellular apoptosis and thus improved cell survival.
In summary, we demonstrate that the actin regulatory protein Mena is a critical regulator of the ICD at the intersection of the Rac1 and Cx43 in neonatal rat ventricular cardiomyocytes. Mena's role in the actin cytoskeleton along with other proteins may modulate the signaling domains contributing to this observation. Indeed, it appears that a complex interplay of cytoskeletal elements regulates the ICD and maintenance of gap junction. Future investigations regarding the role of Mena in gap junction regulation, particularly in the adult cardiomyocyte, may lead to development of methods to enhance and preserve the ICD, possibly mitigating myocardial conduction abnormalities.
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